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Abstract  
During the course of development, molecular mechanisms underlying activity-dependent synaptic plasticity 
change considerably. At immature CA3-CA1 synapses in the hippocampus, PKA-driven synaptic insertion of 
GluA4 AMPA receptors is the predominant mechanism for synaptic strengthening. However, the physiological 
significance of the developmentally restricted GluA4-dependent plasticity mechanisms is poorly understood. 
Here we have used microelectrode array (MEA) recordings in GluA4 deficient slice cultures to study the role 
of GluA4 in early development of the hippocampal circuit function. We find that during the first week in 
culture (DIV2-6) when GluA4 expression is restricted to pyramidal neurons, loss of GluA4 has no effect on the 
overall excitability of the immature network, but significantly impairs synchronization of the CA3 and CA1 
neuronal populations. In the absence of GluA4, the temporal correlation of the population spiking activity 
between CA3-CA1 neurons was significantly lower as compared to wild-types at DIV6. Our data show that 
synapse–level defects in transmission and plasticity mechanisms are efficiently compensated for to normalize 
population firing rate at the immature hippocampal network. However, lack of the plasticity mechanisms 
typical for the immature synapses may perturb functional coupling between neuronal sub-populations, a 
defect frequently implicated in the context of developmentally originating neuropsychiatric disorders. 
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Background & introduction  
Synaptic plasticity driven by synchronous activity of the network is a key mechanism guiding refinement of 
synaptic connectivity during development. At the immature synapses, mechanisms similar to long-term 
potentiation (LTP) and long-term depression (LTD) are thought to initiate processes that lead to stabilization 
or elimination of the latent synapse, and consequently fine-tune the functional network to the ongoing 
activity templates. To facilitate this process, immature synapses are equipped with signaling mechanisms 
that allow them to efficiently transform network activity-patterns into long-lasting changes in synaptic 
structures. The physiological significance of such developmentally restricted plasticity mechanisms is best 
understood in the sensory systems, where patterned activity during a critical period of development affects 
the physical structure of the brain as well as behavior (Katz and Shatz, 1996; Levelt and Hubener, 2012). In 
the hippocampus, both pre- and postsynaptic plasticity mechanisms operating specifically during early 
postnatal development have been characterized (e.g. Lauri et al., 2006; Luchkina et al., 2013; Lohmann and 
Kessels, 2014). However, the significance of these mechanisms for the development of the hippocampal 
circuitry and the extent by which they can be compensated for is less well understood.  
At CA3-CA1 glutamatergic synapses in the hippocampus, a number of key molecular components in both pre- 
and postsynaptic compartments undergo age dependent modifications (e.g. Groc et al., 2006; Yashiro and 
Philpot, 2008; Hanse et al., 2009; Lohmann and Kessels, 2014). Postsynaptically, GluA4 subunits of AMPA 
receptors are predominantly expressed during the first postnatal week, while the levels of the other subunits 
are low (Zhu et al., 2000). GluA4 expression is sufficient to alter the signaling mechanisms of LTP and support 
PKA - dependent LTP at CA3-CA1 synapses (Zhu et al., 2000; Esteban et al., 2003; Yasuda et al., 2003; Luchkina 
et al., 2014). Indeed, the loss of GluA4 expression at the CA1 pyramidal neurons during  postnatal maturation 
of the circuitry can fully explain the developmental switch in LTP mechanisms from PKA dependent to CaMKII 
dependent (Yasuda et al., 2003, Luchkina et al. 2014). In addition to Hebbian LTP, GluA4 also contributes to 
induction requirements of homeostatic plasticity. At GluA4 expressing immature synapses, the threshold for 
homeostatic scaling of glutamatergic transmission is lower as compared to adult or GluA4 lacking synapses, 
which facilitates tuning of AMPA transmission to changes in the intrinsic activity of the immature circuits 
(Huupponen et al., 2016).  
 
These data show that GluA4 has a central role in regulation of synaptic efficacy specifically during the early 
postnatal period of activity-dependent refinement of the CA3-CA1 circuitry. Accordingly, in the absence of 
GluA4, maturation of AMPA transmission at CA3-CA1 synapses is delayed, evidenced by significantly lower 
AMPA/NMDA ratio in the GluA4-/- slices as compared to WTs during postnatal development (P6-P18; Luchkina 
et al., 2017).  Here, we have studied how the GluA4-dependent transmission and plasticity contributes to 
functional maturation of the hippocampal CA3-CA1 circuitry using microelectrode array (MEA) recordings in 
transgenic mice lacking GluA4.  
 
 
Materials and Methods   
Animals. Experiments were performed using wild type (WT) and GluA4-/- (C57Bl) mice (Fuchs et al., 2007) of 
either sex. All experiments with animals were done in accordance with the University of Helsinki Animal 
Welfare Guidelines. 
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Slice culture. For preparation of slice cultures, hippocampi were dissected from P6-P7 day old WT or GluA4-
/- mice in ice cold Gey’s balanced salt solution (GBSS; Sigma) supplemented with glucose (6.5 mg/ml). The 
hippocampi were mounted on 2% liquid agarose and 400 µm thick slices were cut using a McIlwain tissue 
chopper. After 1 hour recovery in oxygenated (95% O2 and 5% CO2) GBSS, the slices were transferred to 
MED64-probe plates (MED-P515A, Alpha Med Scientific, Japan) coated with polyethylenimine solution (0.1% 
PEI in 25 mM Borate buffer). 250 µl of culture medium [Neurobasal A  (Gibco), 2% B27-supplement (Gibco), 
2 mM L-glutamine and chloramphenicol] was added and the plates were maintained in humidified CO2 
incubator (+35°C) on a rocking stage. The culture media was changed every second day.  
Immunostaining.  Immunostainings for organotypic slice cultures were done at DIV4 and DIV8. Slices were 
fixed with 4% paraformaldehyde overnight, washed with PBS-T (PBS with 0.3% Triton-X) and blocked with 1% 
DMSO and 4% normal goat serum in PBST overnight. Primary antibodies (Rabbit anti-GluA4 1:100 Millipore; 
Mouse anti-PV 1:5000 SWANT, Switzerland; mouse anti-GAD67 1:500 Millipore) were added to the blocking 
solution and slices were incubated 48h at +4°C. Slices were then washed with PBS before incubation with 
secondary antibodies overnight +4°C. (Goat anti-mouse Alexa405 1:1000; Goat anti-rabbit Alexa647 1:1000 
Life Technologies). Slices were washed with PBS-T and 50% glycerol, infiltrated in 80% glycerol overnight and 
mounted with 80% glycerol. Images were processed with ImageJ and Corel Paint Shop Pro x8 and brightness 
and contrast were corrected. 
Microelectrode array recordings. The spontaneous activity in slice cultures was recorded for a 10-15 min 
periods at DIV2-DIV8 using the MED 64-amplifier (MED-A64HE1, Alpha MED Scientific). The data were 
collected with the Mobius Software (Alpha MED Scientific) using a low cut frequency of 0.1 Hz, high cut 
frequency of 5000 Hz and a sampling rate of 20 kHz.  
Data analysis. For analysis, the raw data files were imported into NeuroExplorer (NE) software (Nex 
Technologies). For analysis the channels lying in the pyramidal layer in CA3 and CA1 hippocampal regions 
were selected (minimum 3 channels per region). Recordings were filtered using second order Butterworth 
band pass filter (frequency band 50–5000 Hz) to alleviate baseline fluctuations and slow frequency 
components. Spike detection was performed using the method for unsupervised spike detection (Quiroga et 
al., 2004) in the NE and the threshold was set to 4 times the median of the background noise of the signal. 
Detected spikes were verified visually.  Bursts were detected using the Firing Rate Based Method in the NE, 
where a firing rate histogram with bin size of 5 ms was computed for each channel of interest and the bins 
that had values higher than 3.5*(Mean+SD of firing rate) were considered as a burst.  
For calculation of spike time tiling coefficient (STTC) and correlation index (CI), at least two CA3 and CA1 
channel pairs separated by at least 300 µm were selected for each slice. The values for all the channel pairs 
in each slice were averaged and considered as n=1. Cross correlograms were calculated using the Cross-
correlogram tool in NE, with an interval t0±t (t=20 ms) and bin size of 0.25 ms. Obtained values were used to 
calculate population Pearson correlation coefficient in excel.  
For calculation of STTC, time stamps for detected spikes were exported to MatLab. STTC was calculated 
according to (Cutts & Eglen, 2014) as follows:  
𝑆𝑇𝑇𝐶 =
1
2
൬
𝑃ଵ − 𝑇ଶ
1 − 𝑃ଵ𝑇ଶ
+  
𝑃ଶ − 𝑇ଵ
1 − 𝑃ଶ𝑇ଵ
൰. 
Here P1 is the fraction of spikes from the 1st electrode that occur within time ±∆𝑡 of any spike from the 2nd 
electrode. T1 is the proportion of total recording time that lies within time ±∆𝑡 of any spike from the 1st 
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electrode. P2 and T2 are calculated similarly for the 2nd electrode. ∆𝑡 was set to 5 ms. The coefficient has a 
range [-1, 1] and equals +1 in case of autocorrelation. To ensure that ∆𝑡 doesn’t introduce false correlations 
random shuffling procedure was used. Traces were divided into 20 bins, which then were randomly 
permuted. STTCs computed for randomly shuffled traces using the same value of ∆𝑡 were close to 0 and 
significantly lower than STTCs for original traces. 
Connectivity maps were created in MATLAB using biograph function. Nodes of graph correspond to the 
positions of channels in MEA layout and edges were plotted only for channels in CA1 and CA3 regions, based 
on STTC measure. The width of edge line indicates the strength of corresponding connection and is calculated 
as follows: 
𝑤௜௝ = 𝑎 ∗ (𝑊௜௝ − 𝑡ℎ𝑟𝑒𝑠ℎ + 𝑏) 
Here 𝑊௜௝  is a weight between channels i and j, calculated as STTC, a and b – scaling parameters, set to 10 and 
0.1 respectively, and thresh – threshold, set to 0.5. Connections with weights below the threshold were not 
included in the graphs. 
Statistical analysis. All statistics were calculated on raw data using two-way ANOVA with Holm-Sidak post-
hoc comparison in Sigma Plot software. All data are presented as mean ± standard error of the mean (SEM). 
P<0.05 was considered statistically significant. In figures, the significance levels are indicated by asterisks as 
follows: *p < 0.05, **p < 0.01, ***p < 0.001.  
 
Results  
 
GluA4 deficiency has no significant effect on the excitability of the CA3-CA1 circuit during early development  
To study the role of GluA4 in functional development of the hippocampal circuitry, we cultured hippocampal 
slices from neonatal (P6-7) WT and GluA4-/- mice on top of microelectrode array (MEA) probes, allowing 
recording of the network activity patterns at different stages of development in vitro (DIV).   
In the brain, GluA4 is expressed in the pyramidal neurons during the first postnatal week (Zhu et al., 2000) 
Subsequently, its expression in the pyramidal neurons gradually decreases and expression starts to emerge 
in parvalbumin positive (PV) fast-spiking interneurons, reaching adult levels during the third postnatal week 
of development (Zhu et al., 2000; Pelkey et al., 2015).  Since this developmental profile might be different in 
vitro, we first validated the cell-type specific expression profile of GluA4 in our culture conditions. At DIV4, 
GluA4 immunostaining was clearly detected in the CA1 pyramidal cell layer. The intensity of GluA4 staining 
in the CA1 pyramidal cells diminished during development but was still visible at DIV8 (Figure 1A). In our 
cultures, specific staining with anti-parvalbumin antibody was not detected either at DIV4 or DIV8 (not 
shown). Therefore, we chose to use GAD67 staining to investigate whether GluA4 localized to GABAergic 
neurons. GAD67 staining was observed in cells scattered in various layers of the cultured slice as expected 
(Figure 1B). However, careful inspection of the double stained slice cultures failed to find any co-localization 
of GluA4 with GAD67 at DIV4. At DIV8, the staining pattern was very similar as in DIV4, and no apparent 
double positive cells were detected (Figure 1C). These data support that GluA4 is predominantly expressed 
in the pyramidal neurons but not in GABAergic interneurons during the first week in culture.  
The population spiking activity in the cultured slices was recorded at DIV2, 4, 6 and 8 using channels located 
at the CA3 and CA1 pyramidal cell regions. In the WT slices, the mean frequency of detected spikes increased 
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during the time in culture both in areas CA1 and CA3 (CA1: DIV2 5.64 ± 0.37 Hz, DIV8 10.20 ± 1.58 Hz, pDIV2,8 
< 0.001; CA3: DIV2 5.41 ± 0.50 Hz, DIV8 9.64 ± 2.09 Hz,  pDIV2,8  p<0.001; Figure 2A,B), while no significant 
differences in the population spike frequency were observed between CA3 and CA1 at any developmental 
stage. At DIV2-4, the spikes occurred asynchronously or in short bursts, while at DIV6 and DIV8, long 
hypersynchronous bursts of activity were detected with interleaved silent periods (Figure 2A). In GluA4-/- 
slices, the overall activity patterns were not different from the WT during the first week in vitro (Figure 2A). 
Thus, there were no significant differences between genotypes in mean population spike frequency, burst 
frequency, burst duration or in the % occurrence of spikes in bursts at DIV2-6 (Figure 2B-E). At DIV8, however, 
the population spike frequency in GluA4-/- slices was significantly lower as compared to WT (CA3: WT 9.64 ± 
2.09 Hz, GluA4-/- 6.21 ± 0.41 Hz, p= 0.005; CA1: WT 10.20 ± 1.58 Hz, GluA4-/- 6.18 ± 0.42 Hz, p<0.001; Figure2B). 
These data show that loss of GluA4 has no major influence on network excitability during the first week in 
culture, when it is predominantly expressed at pyramidal neurons.   
 
Absence of GluA4 does not influence population firing rate homeostasis    
GluA4 promotes homeostatic scaling of glutamatergic transmission at immature CA3-CA1 synapses 
(Huupponen et al., 2016). Therefore, we were next interested to see whether impaired synaptic scaling in 
the GluA4 deficient slices affects the stability of firing rates of the CA1 neuronal populations. To this end, 
recordings were made at DIV2 and DIV3 with 8-15 h intervals, corresponding to the time scale of the fast 
homeostatic response at the WT immature networks (Huupponen et al., 2007; 2016). The relative change in 
the mean population spike frequency was plotted (Figure 3A,B), and the coefficient of variation (CV) in the 
frequency in the sequential recordings was calculated for each slice. Even if the mean population firing rate 
in the CA1 area varied slightly more in the GluA4-/- as compared to WTs,  there were no significant difference 
in the coefficient of variation (CV) between the genotypes (WT 0.81 ± 0.35, n=9; GluA4-/- 1.32 ± 0.25, n=11; 
p=0.26; Figure 3C). These data show that impaired synaptic scaling in the GluA4-/- slices does not destabilize 
the excitability of the CA1 network and suggest that other mechanisms can efficiently compensate for 
perturbed synaptic scaling to maintain firing rate within physiological range.  
 
GluA4 deficiency perturbs synchronization of the CA3-CA1 neuronal populations during development  
During the first two postnatal weeks (P6-P15), the AMPA/NMDA ratio of evoked EPSCs at CA3-CA1 synapses 
in GluA4 deficient mice is significantly lower as compared to WTs (Luchkina et al., 2017). We presumed that 
synaptic inputs influence the CA1 excitability predominantly during the bursts, when CA1 pyramidal neurons 
receive high-frequency glutamatergic input from the CA3. Indeed, even if the population firing rate was not 
affected at GluA4-/- slices, we found that the spike interval within the bursts was longer and the number of 
spikes per burst was lower in the GluA4-/- slices as compared to WTs and this effect was most consistent in 
the CA1 area (Figure 4A-C).  
Firing frequency within the bursts reflects the strength of excitatory synaptic drive but is also critically 
influenced by GABAergic inhibition. To study the development of functional synaptic connectivity between 
CA3-CA1 pyramidal cells more directly, we went on to analyse temporal pairwise-correlation of the spiking 
activity between pyramidal cell populations. Connectivity maps between electrodes located in the pyramidal 
regions were build based on spike-time tiling coefficient (STTC), a measure for temporal correlation that is 
independent on the basal activity level (Cutts and Eglen, 2014).  These maps indicated that development 
from DIV2 to DIV6 was associated with reorganization of the functional connectivity both in the WT and 
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GluA4-/- slices (Figure 5A). For quantification, the STTC and correlation coefficient was calculated for CA3 and 
CA1 channel pairs separated by at least 300 µm in each slice. In the wild-type slices, CA3 and CA1 neuronal 
populations became increasingly synchronized during development in vitro (DIV6 vs DIV2, correlation 
coefficient, 380 ± 56 %, p < 0.001; STTCCA3,CA1 124 ± 6 %  p = 0.07; Figure 5B,C). In GluA4-/- slices, however, the 
temporal correlation of the CA3 and CA1 population spiking activity was not increased to the same extent as 
in the WT during development (DIV6 vs DIV2, correlation coefficient, 273 ± 41 %, p < 0.001; STTCCA3,CA1  105 ± 
4 %  p = 0.75) and at DIV6 the level of correlation was significantly lower as compared to WTs (between 
genotypes, p < 0.001 for both correlation coefficient and STTCCA3,CA1 ; Figure 5B,C). The differences in 
synchronization of CA3-CA1 population activities between the genotypes persisted during development and 
were still significant at DIV10 (correlation coefficient:  WT 0.59 ± 0.033, n =13 ; GluA4-/- : 0.48 ± 0.031, n= 15, 
p < 0.001; STTCCA3,CA1 : WT 0.58 ± 0.02, n = 13 ; GluA4-/-  0.51 ± 0.018, n= 15, p < 0.01). Together, these data 
show that in the absence of GluA4, developmental synchronization of the firing activities of the CA3 and CA1 
neuronal populations is impaired.  
 
Discussion  
The precise role of developmentally restricted plasticity mechanisms in wiring of limbic circuits is poorly 
understood. To get insight on their physiological significance, we have studied here how the GluA4 
dependent plasticity mechanisms operating specifically at immature synapses contribute to functional 
development of CA3-CA1 circuit. We find that the loss of GluA4 has no effect on the overall excitability of the 
immature hippocampal network, but significantly impairs developmental synchronization of the CA3 and CA1 
population firing activities. These data show that even if synapse–level defects in transmission and plasticity 
are efficiently compensated for to maintain physiological firing rates, they may perturb functional coupling 
between neuronal populations, a defect frequently implicated in the context of neuropsychiatric disorders. 
 
PKA-driven synaptic insertion of GluA4 is the predominant mechanism for synaptic strengthening at 
immature hippocampal synapses (Luchkina et al., 2014; 2017; Huupponen et al., 2016). GluA4 is efficiently 
transported to synapses with initially low or silent AMPA-mediated transmission in response to Hebbian 
activity (Zhu et al., 2000; Esteban et al., 2003; Luchkina et al., 2017), which is provided by the spontaneously 
occurring bursts of synchronous activity in the neonatal hippocampus (Kasyanov et al., 2004; Mohajerani et 
al., 2007; Huupponen et al., 2013, 2016). Accordingly, in the absence of GluA4, AMPA transmission in 
immature CA1 is less responsive to changes in intrinsic activity of the network (Huupponen et al., 2016).  
Studies using recombinant GFP tagged receptors have indicated that phosphorylation of GluA4 subunits at 
Ser862 is sufficient for its synaptic recruitment in contrast to GluA1, that requires at least two Ser/Thr sites 
to be phosphorylated for its synaptic incorporation (e.g. Esteban et al., 2003; Boehm et al., 2006; Lee et al., 
2007; Lee et al., 2010). These differences in trafficking rules are thought to facilitate plasticity at immature 
synapses expressing GluA4 AMPA receptors but lacking the molecular scaffolds that support efficient 
intracellular signaling at mature spines. From postnatal day 10 onwards, GluA4 is expressed in and 
contributes significantly to excitatory drive to fast-spiking PV interneurons (Pelkey et al., 2015). However, 
before the onset of interneuronal expression, corresponding to the first week in culture in our conditions, 
GluA4-/- slices provide a model to study the physiological significance of the immature-type synaptic 
mechanisms on early development of the hippocampal circuitry.  
 
Despite its central role in mediating AMPA transmission and plasticity at immature synapses, the population 
firing rate and burst frequency in GluA4 deficient slices were not significantly different from the WTs during 
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the first week in culture. Moreover, GluA4-/- mice are grossly normal with no apparent morphological changes 
in the brain (Fuchs et al., 2007; Sagata et al., 2010), suggesting that many of the GluA4 functions at the 
immature circuitry are efficiently compensated for. Indeed, the GluA4-/- mice show apparently normal LTP at 
immature CA3-CA1 synapses that is mediated via GluA1 and CaMKII dependent mechanisms, in contrast to 
the PKA dependent LTP that is predominant at this developmental stage in the WTs (Luchkina et al., 2014). 
In addition, even if immature synapses in GluA4 deficient mice are less responsive to alterations in network 
activity, they are capable of synaptic scaling with a higher threshold for induction as compared to WTs 
(Huupponen et al., 2016). These data are consistent with previous studies indicating that individual AMPA-R 
subunits are dispensable and can be largely substituted by other types of glutamate receptors to maintain 
synaptic functionality (Granger et al., 2013). Our data from GluA4 deficient mice extend this finding from 
individual synapses to immature neuronal networks, which were able to maintain stable population firing 
rates surprisingly similar to that in the WT despite the loss of GluA4-mediated transmission and plasticity.  
 
The relative importance of excitatory inputs in determining the spontaneous firing rate varies between cell 
types, depending on the activity of the circuit elements projecting to the particular neuron as well as its 
intrinsic properties. Stable population firing rates in GluA4-/- slices implies that alternative mechanisms, such 
as changes in intrinsic excitability or GABAergic inhibition are sufficient to maintain excitability in the absence 
of GluA4 dependent synaptic scaling. Interestingly, in cultured hippocampal neurons, network firing rates 
were not compensated following long-term AMPAR blockade in contrast to accurate homeostatic control 
following increase of synaptic inhibition (Slomowitz et al., 2016). This suggests that the extent by which 
changes in excitatory drive can be compensated for to maintain firing rate might be limited, thus explaining 
the need for redundancy in the synapse-level plasticity mechanisms which enables functionality in the face 
of perturbations. 
 
Connectivity maps based on the temporal coincidence of population spiking activity indicated that significant 
reorganization of functional connectivity occurred during the first week in culture, leading to strengthening 
of the CA3-CA1 connectivity in the WT slices. In the GluA4 deficient slices, changes in the connectivity were 
evident but the synchrony between CA3 and CA1 neuronal populations was not significantly increased during 
development in vitro. The lack of immature-type plasticity mechanisms at CA3-CA1 synapses in the GluA4 
deficient slices could well explain the impaired developmental synchronization of the CA3-CA1 population 
firing activities. According to the data obtained from acute neonatal slices (Luchkina et al., 2017, Huupponen 
et al., 2016), GluA4 lacking AMPA receptors at silent or initially weak connections are expected to respond 
belatedly to intermittent synchrony at the immature network, complicating stabilization and strengthening 
of the nascent connections. At DIV8, CA1 pyramidal neurons in GluA4-/- slices had significantly lower 
population firing rate as compared to WTs, which could be a consequence of impaired development of the 
CA3-CA1 connectivity. However, even if GluA4 expression was not detected at GAD positive interneurons 
during the first week in culture, we cannot completely rule out the possibility that low GluA4 expression 
levels, below our detection limit, existed in the interneurons and affected synchronization directly or 
indirectly, for example via altered development and migration of GABAergic interneurons (Akgül and McBain, 
2016).  
 
Human GluA4 gene (Gria4) has been identified as susceptibility gene for schizophrenia (Makino et al., 2003) 
and changes in the expression of GluA4 mRNA in the post-mortem samples from schizophrenic patients have 
been reported (Beneyto and Meador-Woodruff, 2006 ). More recently, GluA4 was identified as a target 
regulated by the brain-enriched microRNA miR-124 that may contribute to social behavioral deficits in 
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frontotemporal dementia (Gascon et al, 2014) and to major depression (Paz e al., 2017). Patients with 
neuropsychiatric disorders such as schizophrenia frequently have deficits in neuronal synchrony, including 
deficits in local oscillations and long-range functional connectivity (e.g. Spellman and Gordon, 2015). GluA4-
/- mice show disrupted network oscillations and are prone to epileptiform activity (Fuchs et al., 2007; Paz et 
al., 2011). In addition, schizophrenia-related phenotypes including drastically impaired prepulse inhibition of 
the acoustic startle response and enhanced sensitivity to the locomotor stimulatory effects of a NMDA 
receptor antagonist, MK-801, have been reported (Sagata et al., 2010).  Many of the phenotypes in adult 
GluA4 deficient mice can be attributed to the defects in glutamatergic drive to PV interneurons, since ablation 
of GluA4 selectively in hippocampal PV IN’s disrupts hippocampal population gamma rhythms (Fuchs et al., 
2007; Caputi et al., 2012). However, a large amount of evidence points to neurodevelopmental model in the 
origin of schizophrenia (e.g. Fatemi and Folsom, 2009) supporting the idea that the defects in developmental 
plasticity, resulting in disordered connectivity, may also contribute to the disease mechanism.  
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Figure legends  
Figure 1. GluA4 is not expressed in GAD67 positive cells during first week in vitro   
A. Example images illustrating the immunostaining against GluA4 in area CA1 of cultured hippocampal 
slices at DIV4 and DIV8  
B. Example images of the immunostaining against GAD67 in area CA1 of cultured hippocampal slices 
at DIV4 and DIV8 
C. Double immunostaining for GluA4 (red) and GAD67 (blue) in area CA1 of cultured hippocampal 
slices at DIV4 and DIV8. Scale bar: 50 µm 
Figure 2. Overall network activity is similar in WT and GluA4-/- slices during the first week in culture   
A. Examples traces showing the spontaneous activity recorded with MEA electrodes located in CA3 
and CA1 pyramidal regions from WT and GluA4-/- slice cultures at DIV 2, DIV4, DIV 6 and DIV 8. 
B. Pooled data on the mean population spike frequency in CA3 and CA1 areas in WT (n= 24) and 
GluA4 deficient (n=26) slice cultures, at different stages of development in vitro.  
C. Average burst frequency for the same recordings as in B. 
D. The mean % of spikes in bursts for the same recordings as in B. 
E. The mean burst duration for the same recordings as in B.  
Figure 3.  GluA4 deficiency has no significant effect on population firing rate homeostasis    
A. Relative changes in population firing rate for WT (n=9) slices in 4 consecutive recordings within 8-15 
h intervals at DIV2-3.  
B. Equivalent data as in A for  GluA4-/- (n=11)  
C. Mean CV for the population firing rate for WT and GluA4-/- slices, calculated from the data shown in 
A and B  
 
Figure 4. GluA4 deficiency affects the population firing frequency within the bursts    
A. Example traces of recordings, filtered with 100 Hz high pass Butterworth filter to illustrate the 
population spikes within bursts for CA3 and CA1 pyramidal regions from WT and GluA4-/- slice 
cultures at DIV 2 and DIV 6  
B. Pooled data on the inter-spike interval (ISI) within the bursts for CA3 and CA1 areas in WT (n= 24) 
and GluA4-/- (n=26) slice cultures 
C. Equivalent data as in B, for the number of spikes / burst.   
 
Figure 5.  Loss of GluA4 perturbs synchronization of the CA3-CA1 population firing activities during 
development in vitro   
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A. Examples of connectivity maps for WT and GluA4-/- slices cultures , based on STTC of the spiking 
activity between all the channels located in the pyramidal regions. The thickness of the line 
indicates the strength of the connection  
B. Pooled data showing the STTCCA3,CA1 for WT (n=13) and GluA4-/- (n=15) slice cultures at DIV 2 and 
DIV 6 
C. Pooled data on the correlation coefficient for firing activity in CA3-CA1 channel pairs WT (n= 13) 
and GluA4-/- (n=15) slice cultures at DIV 2 and DIV 6 





